Aircraft manufacturing, construction, and agricultural production often involve workers maintaining uncomfortable postures, such as stooping and kneeling, for extended periods of time. We present a wearable robot, called MantisBot Alpha, that consists of two expandable robotic arms that brace a worker near the ground and allows them to perform bi-manual tasks. The key component of this new design is a novel linkage mechanism that provides adjustment of both the worker's distance to the ground and their torso tilt. The mechanism link parameters are optimized such that a) its expansion rate is high enough to push off the human body from the ground and fully contract the scissor arm when not used, and b) it allows the worker to reach within a large space while c) it is light enough for wearability. The linkage mechanism also avoids the singularity problem in standard scissor mechanisms. The actuator design provides a fail-safe system. A prototype has been fabricated to demonstrate the feasibility of the system.
I. INTRODUCTION
Aircraft assembly, flooring and tile placement, berry picking, and many other construction, agriculture, and manufacturing jobs require that workers hold uncomfortable postures, such as crouching, stooping, or kneeling, for long periods of time. See Fig. 1 . Consequently, many workers sustain long-term work-related musculoskeletal disorders (MSD) [1] . In the United States, MSD accounted for 32.2% of total nonfatal occupational injuries and illnesses for workers in all industries [2] . MSD adversely affects quality of life. 41% of patients report that MSD has a negative effect on their social relationships, 47.8% report that MSD disturbs their sleep, and 30% report that they encounter much difficulty when rising from the floor amongst other daily tasks [3] . This persistent health issue also results in both loss of productivity and a steep economic price. In the United States, MSD incidents resulted in over 4 million lost days from work [2] . Nonfatal injuries in 2007 had cost estimates of 186 billion dollars [4] .
Biomechanical analysis has been performed to examine these ergonomically challenging postures. With supervised motion tensor decomposition, postures such as kneeling, stooping, and reaching are identified as awkward postures [1] [5] . An alternative to stooping or kneeling are prone postures, which assumes a more neutral spinal posture while allowing the worker to reach the ground, and provides significantly less discomfort [6] . In this paper we aim to provide a worker 1 The authors are with the d'Arbeloff Laboratory for Information Systems and Technology in the Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA. Email: {khahm, asada}@mit.edu with a more ergonomic workspace by giving them extra extendable arms that support them in this prone position (see Fig. 2 ).
A. Related Work
Passive devices have been used by construction workers to adjust their posture to fit their environments. Padded creepers or dollies are commonly used to access low-ceiling areas or to access below ground environments. Workers can lean on simple body support bags to reach difficult areas along a deep, curved wall. These products successfully free up both the worker's hands, allowing them to perform bi-manual tasks.
While passive products are trustworthy due to their transparent functionality, none of these devices can be used universally in different environments. In addition, these devices lock the user into one posture, leaving only their feet or knees to push and pull to allow for minor adjustments. Lastly, they become bulky and inconvenient when the worker must readjust their posture or move to a different location.
To allow for more flexibility, human augmentation robotic systems can be considered. Exoskeleton robots used by Daewoo Shipbuilding can assist in bearing heavy loads, reducing the loads borne by the workers [7] . Although they are conveniently wearable, exoskeletons move in parallel with the user's natural limbs. Crouching, stooping, and kneeling postures are unnatural and ergonomically challenging because the human body structure is not suitable for taking these postures. An exoskeleton amplifies an operator's joint torques, but it does not solve the root problem: the inadequate skeletal, kinematic structure of the human body.
Supernumerary Robotic Limbs (SRLs) provide an alternative to exoskeletons by supplementing and augmenting the human kinematic structure instead of enhancing an existing functionality. The robotic limbs do not move in parallel with the user's limbs, but rather acts as a third or fourth limb thus providing new functionality [8] .
A previous prototype, the MantisBot [9] , had been developed to provide support for near-ground work. With this prototype, we performed preliminary testing at an aircraft final assembly site, where the testers provided valuable feedback and highlighted several drawbacks. First, the MantisBot made standing up and kneeling down more difficult. Second, the testers could not fully trust the machine -they placed their palms on the ground for support and the robotic feet were prone to slip. Third, instead of placing their knees on the floor as intended, they used their feet and maintained a push-up position. Fourth, the vest was uncomfortable and the robot could not be intuitively controlled by the users. Lastly, the robot was prone to catastrophic failure in case of power loss. Thus, the MantisBot Alpha was developed taking these comments into consideration.
In this paper, we present the design of the MantisBot Alpha, shown in Fig. 2 , as follows: In Section II, we explore the functional and design requirements of a human augmentation system for near floor work, and discuss the mechanisms and its modifications as it applies to the requirements; in Section III we perform kinematic and structural analysis of the design concept to optimize for workspace range; In Section IV we explain the implementation details including the machine design, human robot coordinated motion control, and test its performance; and in Section V we discuss our results and the future work involving the MantisBot Alpha. 
II. EXTRA ROBOTIC ARMS FOR HUMAN AUGMENTATION

A. Task Specifications
The task we consider in the current work is aircraft final assembly, which largely depends on manual labor. Fig. 3 shows the work environment in this setting. The task must be performed both at and below the floor level. As shown in Fig. 3a , the worker has to reach the floor and below the floor. As shown in Fig. 3b , the worker must also move side-to-side. Fig. 3c is a basic task space where workers have to perform a series of manufacturing operations, where they must relocate often and take a crouching or crawling posture. Particularly for older workers, it is fatiguing to make repetitive transitions between standing and crouching. The floor environment is usually cluttered with various obstacles and difficult to use wheels to transfer.
B. Functional Requirements
The design of the SRLs was driven by the feedback from preliminary testing and is determined by the following specific functional requirements:
• Must increase the field of reach of the user within the environment illustrated in Fig. 3 . • Must support a user weighing up to 136 kg. • Must be safe in case of electronic failure. • Must allow the user to perform a bi-manual task without significant visual or physical interference. • Must be wearable: when inactive, it must not obstruct the user's ranges of motion; it must weigh less than 18.4 kg (the weight of the previous MantisBot prototype). • Must be adjustable to fit different body types. • Must interact with user in an intuitive way. • Must operate in comparable speeds with a worker without an assistive device. Fig. 4 : The three degrees of freedom illustrated on the MantisBot Alpha. We define the coordinate system such that x points towards the head, and y-z spans the transverse plane.
C. Design Requirements
From the functional requirements, we derive the design requirements. To first be compatible with both below the floor and on the floor work, the robot arms must be able to expand in length. For floor work, the elbow is typically locked to reduce muscle energy, while below ground work requires the elbow to bend to support the body. To augment the capabilities of the human arm, we determine the maximum height of the mechanism to be approximately the average male arm length, 78.3 cm with an extra 15 cm [10] . We determine the minimum height of the mechanism to be approximately the average male forearm length, 41.7 cm [10] . Therefore, we define the desired expansion ratio as 78.3 41.7 , or 1 : 2.43.
The extra 15 cm aids in transitions between a prone working posture and a standing posture. Getting up from the ground multiple times requires much labor, especially with added weights from toolbelts and a wearable robot. We can utilize the high expansion capability of the robot to lift the torso very high from the ground, allowing the feet to walk up towards the hip where the person can then stand comfortably. Similarly, the robot can lower the person to the ground.
Next, to adjust to different fields of view and reach when working on the floor, the torso must be able to tilt and roll. We define the desired degrees of freedom as rise (z), tilt (θ y ), and roll (θ x ), as demonstrated in Fig. 4 . To actuate about these degrees of freedom, we refer back to the preliminary tests where the testers used their feet instead of knees for support. Using feet for support may provide more flexibility; the ankle is capable of hinging in two directions, dorsiflexion and and eversion, while the knee can only hinge in one direction [11] [12] . Given that the foot can easily be protected from the floor with shoes, the knee is comparatively an uncomfortable option to maintain a crawling position for extended periods of time. Repeated knee stress from contact between the kneecap and the floor results in significant knee pain [13] . Thus, we adjust the indicated use posture as using the feet for support.
As shown in Fig. 2 , the legs must be extended for the feet to provide support in this posture. It is important that the attachment between the robotic system and the human provides support in both the chest and the hips. This allows the torso to be suspended from the system. The legs will naturally hang from the supported hip and the feet will rest on the ground. The feet will thus support only a minimal percentage of the user's weight.
We also design for passive compliance in the y-direction, as the worker may momentarily want to extend their reach side-to-side as shown in Fig. 3b . Thus we define the active degrees of freedom as z, pitch, and roll, and the passive degree of freedom in y as defined in Fig. 4 .
The testers were not willing to trust the robot. We hypothesize that one reason they could not trust the previous Mantis-Bot was because there was no proprioceptive feedback from the robotic arms. Although the four points of contact (two robotic arms and two knees) makes the system an inherently stable system, the control of the knees is commanded by the user, while the robotic arms are controlled by the robotic system; the disconnect in communication between the two makes the system seemingly unstable and difficult to trust from the user's perspective. Therefore, we determine that the MantisBot Alpha system must have at least three points of contact with the ground to be a stable, self-standing system.
In case of a power failure, the arms must immediately lock in position, safely giving the user time to stand up- Fig. 5 : The singularity comparison of a traditional scissor mechanism juxtaposed to a novel scissor mechanism. The blue lines are the input actuators, and the red lines are the lever arms.
right from their previous posture where their weight was distributed on the robot. Our mechanism must therefore be non-backdriveable, such that the force from human weight does not collapse the mechanism if the motors lose power.
Lastly, the user's arms and shoulders must be free from any attachments and the robotic support must not lie in the user's workspace. The robot arms must be attached behind the shoulder joint and must be wide enough apart such that the user's elbows do not interfere with the robot arms.
D. Non-singular Mechanism Design
In order to meet our design concept, we consider a scissor mechanism due to its high expansion ratio capability. However, a typical scissor mechanism has two issues: a) it approaches a singular configuration when compressed, and b) it only provides expansion and does not allow for tilt.
Let the scissor mechanism input be a linear actuator acting at one base foot, and let the output be the endpoint of a top linkage. As illustrated in Fig. 5 , the traditional scissor mechanism output has a high extension for a short length of input range, making it ideal for quick and large expansion. However, as it approaches lower configurations, the force required to lift the mechanism becomes larger. The linkages act as a lever arm to lift the load. In Fig. 5 , the red lever arm vector lies along the direction of the blue input force at complete collapsed configuration, requiring infinite force to lift. Thus, the singularity lies when the scissors are completely collapsed.
For our application, the user puts the most load on the robot when they are closest to the ground. When the torso is farther from the ground, the feet are placed closer to the torso, so the feet are able to bear higher portion of the load. In contrast, when the torso is close to the ground, the feet are farther from the torso, so the robot bears more load. Consequently, our mechanism must bear more load in compression and have less load bearing capability in expansion. This is opposite of the traditional scissor mechanism.
We present a novel 2-DOF scissor mechanism that solves both issues of tilt and singularity by inverting where the singularity lies. The new mechanism and its workspace is Fig. 5 . Now the red lever arms and the blue linear actuators are less parallel near compression. In Fig.  5 , the inputs are linearly spaced. The sparseness of the blue endpoints illustrate the singularity analysis above, as small changes in input results in large changes in output. As the indicated output points become more sparse, the red lever arms and blue linear actuators become more parallel. The resulting mechanism has high force capability at compression and conversely approaches singularity towards expansion.
The two actuators provide extension and contraction when moving simultaneously and identically. However, when they move differently from each other, the system is not symmetric and thus tilts the top linkage.
III. KINEMATIC AND STRUCTURAL ANALYSIS
To analyze the linkage mechanism, we find the forward and inverse kinematics and perform virtual work analysis and structural analysis. The following analysis references the diagram in Fig. 6 and the variables definitions in Table I . The system is symmetric, for instance, A 1 F = A 2 F . We define the two inputs as q 1 and q 2 as the distances AA 2 and BA 1 respectively. We define angles θ = KJI, α 1 = EDA 1 , α 2 = DEA 2 , and γ = angle from the horizontal to AB.
A. Forward and Inverse Kinematics and the Workspace
To locate the system, we calculate the output variables as a function of the input variables. Let the coordinates of joint B be (B x , B z ). Given the input lengths q 1 and q 2 , we calculate B z and γ. We use the law of cosine and the law of sine to obtain the forward kinematics: Fig. 7: (a) the input values, (b) their corresponding output in the 2D workspace. The regular workspace includes orientations that are not practical, such as the head of the user hitting the ground. These points have been omitted to show the desired input pairs and their corresponding workspace.
To find the inverse kinematics, we calculate q 1 and q 2 given B z and γ using the same method as above.
From the parameters defined in the design requirements, we iteratively determine the lengths displayed in Table I . Given these calculations, the final system takes the range of input q = [6.7cm, 29.5cm]. The range of inputs and the workspace has been shown in Fig. 7 .
B. 3D Coordinated Motion Control
To calculate the rise, pitch, and roll variables of the entire 3D system, we use the system coordinates shown in Fig. 4 . Let the user's right robot arm have endpoints A R and B R , and the left robot arm have endpoints A L and B L . Using 2D forward kinematics described in the previous section, we know the x and z coordinates of these four points. Let the two arms be placed W width apart. Let the endpoint P be the point between B R and B L , near the user's head. We define the generalized coordinate outputs: height P z , pitch θ y , and roll θ x . We note that both P x and P y directions can be actuated; however, they are residual effects and are small angles. Yaw θ z is constrained due to the geometry of the robot platform. We find the outputs:
By substituting the kinematic equations into Eq. 2-4 and differentiating with respect to the input variables, we can obtain the Jacobian matrix of the complete system such that:
where the Jacobian relates the three endpoint velocities to the input velocities.
C. Actuator Output Analysis
Next, we determine the required actuator force to lift the maximum payload. We use the 2D analysis and assume each arm will take half of the user's load. With a safety factor, we assume the maximum weight borne by a single mechanism is 68 kg. Let vertical external forces F load act at point A and B respectively, and the total mass, M , is shared equally such that F load = M g 2 = 34 kg. Let actuator output forces acting on A 1 and A 2 be defined as F q1 and F q2 respectively.
From the forward kinematics, we can find A z = f (q 1 , q 2 ) and B z = f (q 1 , q 2 ). We use the Principle of Virtual Work to calculate the linear actuator output force:
where F are the applied forces and r are the virtual displacements. We have:
We take partials with respect to q 1 and q 2 to find:
We perform these calculations iteratively. Thus, we obtain the maximum actuator force required to lift a 68 kg weight is approximately 480 N.
D. Structural Analysis
To determine the geometry and thickness of each linkage necessary to bear the expected loads, we perform static structural analysis in the worst loading configuration. Again, we model the system with the two external forces as discussed in section III-C. Letx,ŷ, andẑ be the unit vectors pointing towards its corresponding axis illustrated in Fig. 6 . We model point K as a pin joint on a roller: − → F K = F Kzẑ , and point J as a fixed pin joint:
− → F J = F Jxx + F Jzẑ . We find F Kz , F Jx , and F Jz with the moment and force equilibrium equations ΣM J = 0, ΣF x = 0, and ΣF z = 0.
Similarly, we consider internal loading on the pin joints. We isolate linkages GK and HJ by modeling pin joints G and H each with an x and z component. We use equilibrium equations ΣM J = 0, ΣM K = 0, ΣF x = 0, and ΣF z = 0 to find − → F G and − → F H . Finally, we consider the internal loading at joint F . We analyze the top section by modeling points D and E with external loading to obtain equilibrium equations ΣF x = 0, ΣF z = 0, ΣM D = 0, and ΣM E = 0. We isolate linkages BD and AE and use equilibrium equations ΣM B = 0 and ΣM A = 0. We thus obtain 6 equations with 6 unknowns:
For the remaining forces we use linkage equilibrium to find the forces at each pin joint.
From our analysis, we find that linkages A 1 F , A 2 F , and EG experience the most tensile forces. Linkage EG experiences the most bending moment. The maximum tensile force experienced in the structure is 1509 N. From The maximum bending moment experienced in the structure is 100.6 Nm.
From this data, we use an aluminum u-beam with yield strength 241GPa and modulus of elasticity 68.9GPa for linkages DH and EG. From the maximum calculated forces, we determine linkage geometries 6.35mm thickness, Ushape cross-section with 44.45mm height and 69.85mm width. To fabricate all other linkages, we used a rectangular cross-section beam with 6.35mm thickness, 44.45mm height, and 69.85mm width. We used a safety factor of at least 3.
IV. IMPLEMENTATION
A. Detailed Module Design
To implement the linear actuator, we use a leadscrew with pitch 3mm and diameter 16mm. This meets the failsafe functional requirement, as it is not back-driveable and will remain in the current configuration in case of a power failure. To actuate, we use Maxon EC 90 flat∅ 90mm brushless motors with nominal torque 1.01 N m, nominal speed 1790rpm, and nominal voltage 18V. We used a closed loop velocity controller to track a constant reference speed of 911rpm. The motor output is connected by a flexible shaft coupler to allow for angular and lateral misalignment to the motor. The leadscrew is designed parallel to a linear guide such that the leadscrew takes axial load while the linear guide takes radial load. The leadscrew to guide connection is rigid, and thus provides a fixed constraint on the leadscrew. The other end is attached to a fixed support; however, this results in an over-constrained linear guide system. We put a flexure spring between the support and its connection to the guide system to allow for compliance.
Axial load is always towards motor direction, so the flexure is always in tension. We want flexibility for yaw and pitch misalignment errors, but stiffness against roll, the motor output direction. Referring to Fig. 8a , we obtain the equation:
where R is the diameter of the leadscrew and µ is the coefficient of friction from the lubricated steel to brass. We find θ worst by assuming the worst misalignment at the first and last screws on the linear guide.
At the base of the leadscrew, we model the flexure as radial spring, with the equations:
where k r is the radial spring, E is the modulus of elasticity of the flexure material, A is the area of contact between the fixed support and the structure, H is the radius of the flexure, and t is the thickness of the flexure. From eq. 10 and 11, we obtain that we can use Neoprene rubber with 1.5875mm thickness.
It is important to note that this system does not turn at its pin joints with high speed. This allows us to use bushings instead of ball bearings at the pin joints. We use shoulder bolts and flanged bronze bushings to preload the pin joint such that the two linkages are parallel to one another and minimize displacement error. This is illustrated in Fig. 8b .
Lastly, we connect the human body to the robot using a construction harness. The harness distributes the load across the chest and the hips, is adjustable to different body types, can be easily replaced, and provides padding for extended comfort.
B. Prototype
For passive y-direction compliance, we use bushings to act as adjustable torsional springs to increase the stiffness of the system as the user rolls farther away from the center. Hard mechanical stops force the side-to-side compliance to remain within safe bounds. The final robot weighs 12.7kg. To simplify the communication interface between the user and the robot, we use four buttons to command the z-direction movement and pitch. The kinematics allowed adjustment of the height, tilt, and twist of the torso. Thus, the prototype meets the functional requirements and the prototype performed as expected. The entire system is shown in Fig. 9 .
V. CONCLUSION AND FUTURE WORK
When working near the floor, the MantisBot Alpha supports the user in awkward postures and is adaptable to various different environments. A novel linkage mechanism allows the system to reach non-singular configurations when large load bearing capability is necessary by inverting the traditional scissor mechanism design. The design has been demonstrated in a proof-of-concept prototype for supporting the wearer with the desired degrees of freedom.
Future work can explore more robust integration with the user. Dynamic crawling with SRLs or using muscle contraction to control the robot could help the robot communicate more seamlessly with the user. The authors' group is currently investigating these directions of research.
